We propose a viable method of reducing the contact resistance of organic electronic devices by the formation of an organo-metal hybrid interlayer between a metal electrode and an organic semiconducting layer. The hybrid interlayer is produced by simultaneous deposition of the same materials as the electrode and the organic semiconductor, without any extra buffer layer. In such a hybrid interlayer, the metal clusters are uniformly dispersed on entangled organic surfaces so that they contribute significantly to the reduction of the contact resistance. The contact resistance is reduced by about a factor of seven. A simple theoretical model, based on the carrier accumulation and tunneling effects, well describes the essential features of the contact resistance as a function of the thickness of the hybrid interlayer. F or the advancement of plastic electronics that provide large-area coverage, mechanical flexibility, and lowtemperature processes at low cost, such as organic thin-film transistors (OTFTs) and logic gates, besides the improvement of carrier mobility, [1] [2] [3] it is equally important to reduce the contact resistance to achieve a sufficient level of current flow. [3] [4] [5] [6] [7] In particular, for shorter-channel devices (below 10 mm) such as bottom-contact OTFTs, 4,7) the contact resistance becomes more critical to the electrical properties since it is the largest component of the total resistance. Even in bottom-contact OTFTs 6, 8) or top-contact OTFTs 3,5) having relatively long channels greater than 30 mm, which are limited in size by the pattern resolution of a shadow mask, the contact resistance plays a significant role in device performance. Previous works on the reduction of the contact resistance were carried out either using extra buffer layers 4, 5, 8) or by treating the electrode surface with plasma.
F or the advancement of plastic electronics that provide large-area coverage, mechanical flexibility, and lowtemperature processes at low cost, such as organic thin-film transistors (OTFTs) and logic gates, besides the improvement of carrier mobility, [1] [2] [3] it is equally important to reduce the contact resistance to achieve a sufficient level of current flow. [3] [4] [5] [6] [7] In particular, for shorter-channel devices (below 10 mm) such as bottom-contact OTFTs, 4, 7) the contact resistance becomes more critical to the electrical properties since it is the largest component of the total resistance. Even in bottom-contact OTFTs 6, 8) or top-contact OTFTs 3, 5) having relatively long channels greater than 30 mm, which are limited in size by the pattern resolution of a shadow mask, the contact resistance plays a significant role in device performance. Previous works on the reduction of the contact resistance were carried out either using extra buffer layers 4, 5, 8) or by treating the electrode surface with plasma. 6) In this letter, we propose a viable method of reducing the contact resistance by the formation of an organo-metal hybrid interlayer between a metal electrode and an organic semiconductor layer in a top-contact OTFT. The key to our approach lies in introducing a hybrid interlayer, which generates mixed interfacial states of metal clusters and organic islands without allowing diffusion of the metal into the organic bulk. This interlayer is made of the same materials as the electrode and the organic semiconductor. The hybrid interlayer is produced by simultaneous deposition of gold and pentacene without an extra buffer layer of CuPc, 5) C 60 , 9) or a self-assembled monolayer, 10) which is commonly used. One interesting approach is to use a thin Ti layer (about 3 nm thick) as an adhesion layer to reduce the contact resistance. 4) In the present case, the metal clusters produced are uniformly dispersed and immobilized on the organic active layer in the form of a hybrid interlayer. This is totally different from a buffer layer or a direct interface between the electrode and the organic active layer, giving an excess dipole barrier, which increases the interfacial barrier height and further increases the contact resistance. 11, 12) Moreover, metal islands formed on a self-assembled monolayer are known to decrease the density of states at the Fermi level so that a large tunnelling resistance appears at a junction. 10) In previous studies on a metal electrode deposited directly onto a pentacene layer, the vacuum level was found to shift, and the contact resistance then increased. 11, 13) In contrast, the organo-metal hybrid interlayer formed by simultaneous deposition of a metal (Au) and an organic semiconductor (pentacene) contains metal clusters and organic islands such that the metal clusters at the surface effectively impede metal diffusion into the bulk and contribute to the reduction of surface polarization effects.
11) The associated percolation transition of the metal clusters 14, 15) is also expected to reduce the contact resistance. Figure 1 shows a schematic diagram of a top-contact OTFT with an organo-metal hybrid interlayer. After an indium tin oxide (ITO) layer on a glass substrate was patterned to produce a 3-mm-wide gate electrode, a polymeric insulator of poly(vinyl cinnamate) (PVCi) dissolved in cyclopentanone was coated on the patterned ITO layer and heated at 60 C for 5 h. 16) In order to promote the high density packing of the pentacene molecules, the PVCi insulator was exposed to UV light, which was linearly polarized (LP) along a direction parallel to the substrate. 17) The thickness and the capacitance per unit area of the PVCi insulator were measured as 570 nm and 5.9 nF/cm 2 , respectively. A 40-nm-thick pentacene layer was directly deposited at an evaporation rate of 0.5 Å /s on the LPUV-exposed PVCi insulator. An organometal hybrid interlayer was then formed on the pentacene layer by simultaneous thermal evaporation of gold and pentacene before depositing 60-nm-thick gold source and drain electrodes at 1.0 Å /s through a shadow mask. The thickness (d) of the hybrid interlayer was varied from 0 to 50 nm by simultaneous deposition at 0.5 Å /s. An OTFT with no hybrid interlayer (d ¼ 0), where a pentacene layer of 60 nm and a gold layer of 80 nm were sequentially deposited, was used for reference. For the scaling analysis, 18) the channel length (L) was varied from 40 to 90 mm while maintaining the channel width at 1 mm. The electrical performances of the OTFTs were measured using a HP4155A at room temperature and ambient pressure. An atomic force microscope (AFM; PSIA XE-150) and a dual-beam focused ion beam (FIB) system were used to determine the morphological properties of the pentacene-gold hybrid interlayer. Figure 2 shows AFM images of the pentacene and/or gold layer together with a FIB image showing the multilayer structure and the surface of the hybrid interlayer. Figure 2 (a) shows a typical surface morphology of the pentacene film of 40 nm on the PVCi. A 20-nm-thick gold layer, deposited on such a pentacene film, was found to essentially follow the morphology of the pentacene film underneath it, as shown in Fig. 2(b) . However, it is clear from Fig. 2 (c) that a mixed interfacial state of pentacene and gold was formed in the 20-nm-thick hybrid interlayer on the pentacene film, irrespective of the morphology. A similar type of surface structure was observed previously on a composite film produced with gold and organic poly(-methylstyrene) by co deposition. 15) From the FIB in Fig. 2(d) , small gold clusters (labeled 5) were found to be uniformly dispersed on the entangled pentacene surface (labeled 4) depending on the shapes of the grain boundaries. Figure 3 shows the electrical characteristics of the OTFT with a hybrid interlayer, where pentacene and gold were simultaneously deposited to a thickness of 20 nm onto the pentacene layer (40 nm thick), followed by gold evaporation for the electrodes (60 nm thick). The channel length of the OTFT was 40 mm. From the transfer characteristics in Fig. 3(b) , for a drain voltage of V D ¼ À60 V in the saturation regime, the mobility was calculated to be 0.16
The corresponding on/off ratio was measured to be 1:31 Â 10 5 . The channel length dependence of the drain current for d ¼ 0 and 20 nm at a gate voltage of V G ¼ À60 V are shown in Figs. 4(a) and 4(b) , respectively. A least-squares fit of the I D -V D data to a straight line was performed for each channel length to obtain the total resistance (R ON ), which is the reciprocal of the slope. The scaled total resistance (R ON W), for each d, is shown as a function of the channel length in Fig. 4(c) , where the solid line represents the least-squares fit of the data to a straight line. It was found that the OTFT with a 20-nm-thick hybrid interlayer has the smallest R ON W, as clearly seen in Fig. 4(c) . Note that in the scaling analysis, 18) the slope and the intercept of each straight line in Fig. 4(c)   Fig. 2 . AFM images and FIB image of the pentacene-gold hybrid interlayer on the PVCi layer. The AFM images are (a) the 40-nm-thick pentacene film on the PVCi film, (b) the 20-nm-thick gold layer on the pentacene film, and (c) the 20-nm-thick pentacene-gold hybrid interlayer on the pentacene film. (d) The FIB image is the 50-nmthick hybrid interlayer. The labels from 1 to 5 represent a cross section of the glass substrate, a cross section of a multilayer film (PVCi, pentacene, and hybrid interlayer), the surface of a hybrid interlayer, pentacene domains, and gold clusters, respectively. define the scaled channel resistance (R CH W) and the scaled contact resistance (R CON W), respectively. Figure 4( It is interesting to note that the reduction of the contact resistance in the OTFT with an extra buffer layer between an electrode (source or drain) and an organic semiconductor results in a somewhat higher value of carrier mobility than that with no surface treatment. 5) In the present case, in contrast to the mobility enhancement of about 50% from 0.11 to 0.16 cm 2 V À1 s À1 , the contact resistance was significantly decreased by about a factor of seven from 59.58 to 8.38 k cm. This demonstrates that the formation of the hybrid interlayer plays a critical role in the reduction of the contact resistance.
We now describe the underlying mechanism for the observed behavior of the contact resistance, which first decreases, reaches a minimum at a certain value of d c , and then increases with increasing d, as shown in Fig. 4(d) . Basically, there exist two different regimes; a small-thickness regime (I) and a large-thickness regime (II). We assume that in regime I, the band width of mixed interfacial states is simply proportional to the hybrid interlayer thickness below d c at a level of first-order approximation. Provided that interfacial states possess identical localized energies, the carrier concentration is directly proportional to the number of interfacial states, and thus the corresponding current increases with increasing d below d c . Accordingly, the contact resistance becomes inversely proportional to d and has the form of R I þ R 0 =ðd À d c Þ, where R 0 and R I represent the resistance associated with interfacial states and the remnant resistance resulting from other contributions. Clearly, the least-squares fit (denoted by a solid line) of the experimental data to the above equation agrees well with the theoretical predictions in regime I, as shown in Fig. 4(d) .
The fitted values of R 0 , R I , and d c were 6:75 Â 10 7 nm, 1:68 Â 10 6 , and 62.32 nm, respectively. The fitted value of d c , which is larger than the experimentally determined thickness for the minimum contact resistance, corresponds to the critical length above which the simple first-order approximation breaks down. On the other hand, in regime II, it is reasonable to consider that the total conductance (G Tot ) consists of the tunneling conductance G T ðdÞ at a distance d and the remnant conductance (G II ) from other contributions such as hopping processes at the organic/metal interface. 19) The total conductance is then expressed as
Àd , where G 0 is a constant for the tunneling conductance and represents the inverse decay length. 10) In regime II, where the tunneling conductance is smaller than the remnant conductance [G T ðdÞ ( G II ], the contact resistance is approximately given as
where R 0 0 and R II represent the tunneling contact resistance and the remnant resistance, respectively. As shown in Fig. 4(d) , it is evident that the data in regime II are wellfitted to the above equation (represented by a dashed line) . The fitted values of R 0 0 , R II , and were determined as 1:48 Â 10 6 , 7:84 Â 10 5 , and 3:75 Â 10 À2 nm À1 , respectively. The decay length (1=), given as 16.94 nm, essentially corresponds to the optimum thickness of the organometal hybrid interlayer, which minimizes the contact resistance. The magnitude of the decay length is consistent with the experimentally determined value of 20 nm.
In summary, an organo-metal hybrid interlayer can minimize the contact resistance in organic electronic devices. The hybrid interlayer, produced by simultaneous deposition of the same materials as the electrode and the organic semiconductor, is completely different from any of the extra buffer layers used previously. A simple first-order approximation, based on the carrier accumulation at the interfacial states and the tunneling effects through the hybrid interlayer, was found to well describe the main features of the contact resistance. In fact, the total contact resistance is attributed to both the resistance of the metal/organic interface and that of the organic film itself from the metal contact to the channel layer. 20) Finally, the organo-metal hybrid interlayer presented here is not limited to a top-contact OTFT having a relatively long channel but is applicable for other organic devices with short channels.
